? reduced biofilm U spec -NO 3 -uptake, which has important implications for N cycling in high NH 4 ? streams.
Abstract Nitrate (NO 3 -) and ammonium (NH 4 ? ) are the two major dissolved inorganic nitrogen (DIN) species available in streams. Human activities increase stream DIN concentrations and modify the NO 3 -:NH 4 ? ratio. However, few studies have examined biofilm responses to enrichment of both DIN species. We examined biofilm responses to variation in ambient concentrations and enrichments in either NO 3 -or NH 4 ? . We incubated nutrient diffusing substrata (NDS) bioassays with three treatments (DIN-free, ?NO 3 -and ?NH 4 ? ) in five streams. Biomass-specific uptake rates (U spec ) of NO 3 -and NH 4
? were then measured using in situ additions of 15 N-labeled NO 3 -and NH 4 ? . Biomass (estimated from changes in carbon content) and algal accrual rates, as well as U spec -NO 3 -of biofilms in DIN-free treatments varied among the streams in which the NDS had been incubated. Higher ambient DIN concentrations were only correlated with enhanced biofilm growth rates. U spec -NO 3 -was one order of magnitude greater and more variable than U spec -NH 4 ? , however similar relative preference index (RPI) suggested that biofilms did not show a clear preference for either DIN species. Biofilm growth and DIN uptake in DIN-amended NDS (i.e., ?NO 3 -and ?NH 4 ? ) were consistently lower than in DIN-free NDS (i.e., control). Lower values in controls with respect to amended NDS were consistently more pronounced for algal accrual rates and U spec -NO 3
Introduction
Nitrogen (N) is a key element for organisms and its availability can either limit production or favor eutrophication in aquatic ecosystems (Dodds and Welch 2000; Francoeur 2001 ). Nitrate (NO 3 -) and ammonium (NH 4 ? ) are the two major dissolved inorganic nitrogen (DIN) species available in running waters. These two DIN species undergo different biogeochemical pathways and their relative availability may affect DIN fate. In streams, DIN cycling is mostly mediated by the benthic microbial assemblages (bacteria, fungi and algae) that develop on submersed substrata (i.e., biofilms; Pusch et al. 1998; Battin et al. 2003) .
Microorganisms in biofilms can directly assimilate the two DIN species from the water column. The rates at which they assimilate NO 3 -and NH 4 ? not only depend on the availability of each single DIN species O'Brien et al. 2007; Ribot et al. 2013 ), but they are also dependent on the relative availability of the two species (Geisseler et al. 2010; Ribot et al. 2013 ). In addition, NH 4
? can be directly incorporated into biomass via anabolic pathways while incorporation of NO 3 -into the cells requires an active pumping and a further reduction to NH 4 ? ; consequently, assimilation of NO 3
-is an energy-consuming process (McCarty 1995) . Therefore, microbial assimilation of NO 3 -may be induced by the presence of NO 3 -, and it may be suppressed by the presence of NH 4
? (Gonzalez et al. 2006) . Furthermore, this effect at the biofilm level may have consequences at the ecosystem level as suggested in previous studies (Dugdale et al. 2007; Domingues et al. 2011) .
Understanding how biofilms respond to increases in NO 3 -or NH 4 ? is important because human activity increases total DIN availability and changes the relative abundance of the two DIN species (Stanley and Maxted 2008; von Schiller et al. 2008; Lassaletta et al. 2009; Martí et al. 2010) . From previous studies we have learned that streams draining catchments dominated by agricultural practices have higher NO 3 -:NH 4 ? ratios than streams dominated by urban activity. Conversely, urban streams tend to be NH 4 ? enriched at sites where effluent from wastewater treatment plants are subjected to a partial nitrification of the N loads received. Studies addressing the effect of increases in DIN availability on the growth of stream biofilms with explicit consideration of the two DIN species (i.e., NO 3 -and NH 4 ? ) are scarce (but see von Schiller et al. 2007 and Hoellein et al. 2010 ). In addition, results from these studies are contradictory, showing either a preference for NH 4 ? as an N source for DIN assimilatory uptake (von Schiller et al. 2007) or no differential effect between the two DIN species on biofilm growth (Hoellein et al. 2010) . Furthermore, studies designed to compare biofilm uptake responses to increases in NO 3 -and NH 4 ? concentration have mostly been conducted in the laboratory (Kemp and Dodds 2002; O'Brien and Dodds 2008; Domingues et al. 2011; Bunch and Bernot 2012) , with few field experiments (but see Bernot et al. 2006 and Ribot et al. 2013) . NH 4 ? has been usually considered the preferred DIN source for DIN uptake (Dortch 1990; Naldi and Wheeler 2002) ; however, instances when NO 3 -is the main N source for microorganisms are common due to the generally greater NO 3 -availability (Domingues et al. 2011; Bunch and Bernot 2012; Ribot et al. 2013) .
The goal of this study was to examine biofilm responses in terms of growth and DIN uptake to variation in ambient concentrations and enrichments of either NO 3 -or NH 4 ? . We conducted nutrient diffusing substrata (NDS) bioassays with three treatments (DIN-free, ?NO 3 -and ?NH 4 ? ) in five streams spanning a range in ambient DIN availability. The NDS allowed us to measure biomass and algal growth under the different treatments in the different streams. In addition, at the end of NDS incubations, we exposed the different biofilms developed on the NDS to 15 N additions of either NO 3 -or NH 4 ? in a single location to measure their capacity for DIN assimilation of the two species as well as their relative preference for the uptake of the two DIN species. Comparison of assimilation rates between biofilms under control and DIN amended conditions allowed us to estimate the effect of DIN species enrichments on N assimilation rates of biofilms. We expected that biofilms in streams with higher ambient DIN concentration would have higher growth rates and higher N demand (i.e., higher DIN uptake rates) than those developed in low DIN concentrations if biofilms were not limited by any other environmental factor. In addition, we expected that responses of biofilms to NH 4 ? enrichments would be higher than those to NO 3 -enrichments because of greater energetic cost of NO 3 -assimilation.
Methods

Study sites
La Tordera catchment (Catalonia, NE Spain) has an area of 868.5 km 2 dominated by siliceous geology, and covers a 1700-m altitudinal gradient from the headwaters to the sea level within a 35 km distance. Climate in this region is typically Mediterranean, with warm, dry summers, and mild, humid winters. Although most of the catchment is forested, agricultural, urban and industrial areas tend to concentrate in the river valley, resulting in a heterogeneous land use template along the lowlands of the river network, which affects stream N concentrations (von Schiller et al. 2008) . Within this catchment, we selected five streams draining sub-catchments with different land uses. Three sites have forested land-use 99 % of the watersheds, and the other two sites have human land-use (i.e., agriculture ? urban) of 2.7 and 7.1 % (Table 1 ) mostly adjacent to the stream. These streams were selected to cover a wide range of DIN concentration based on data from 15 streams in la Tordera catchment collected biweekly from September 2004 -July 2007 . Santa Fe del Montseny (MON), Font del Regàs (FR) and Castanyet (CAS) are low DIN concentration streams located at headwater-forested catchments. In contrast, Gualba (GUA) and Santa Coloma (COL) are higher DIN concentration streams located at the river valley and influenced by urban (GUA) and agricultural (COL) activities (Table 1) .
Experimental approach
We conducted two separate sets of nutrient diffusing substrata (NDS) bioassays, each one including enrichments of NO 3 -and NH 4 ? (see description below), in each of the five study streams. After incubation in the stream, all NDS were brought together for measurement of N assimilation ( 15 N uptake) at a common location. The first set of NDS bioassays started on June 21st 2006 and lasted for 16 days. After the incubation, we replaced the agar solution of all treatments by fresh DIN-free agar solution to ensure biofilm DIN uptake from the water column. These DIN-free NDS were transferred to COL stream in containers filled with stream water. NDS were left in the stream for 5 days prior to the 15 NO 3 -addition (see description below) to estimate rates of NO 3 -assimilation by all the biofilms. We repeated the procedure for the second set of NDS bioassays, which started on July 7th and lasted for 21 days, with an acclimation period of 4 days before conducting the 15 NH 4
? addition (see description below) to estimate rates of NH 4 ? assimilation by all the biofilms. Due to economic and logistic constraints, we could not conduct separate 15 N tracer additions in each study stream to quantify in situ biofilm NO 3 -and NH 4 ? uptake rates from the biofilm developed on the NDS. We acknowledge that the acclimation period (4-5 days) of all biofilms in the COL stream may have caused some changes in biofilm composition; and thus, in their uptake responses. However, since the acclimatization time was much shorter than the time biofilms were exposed to all the DIN treatments in the different streams, we expected this treatment conditions should dictate biofilm responses. In fact, significant differences in biofilm structural and functional parameters were observed among streams (see ''Results'').
NDS bioassays
We constructed NDS following the method outlined in Tank and Dodds (2003) . The NDS consisted of 60 mL plastic containers filled with a 2 % (by mass) agar solution, which was not amended (i.e., DIN-free treatments) or was amended either with nitrate (0.5 M KNO 3 ; hereafter referred as ?NO 3 -) or ammonium (0.5 M NH 4 Cl; hereafter referred as ?NH 4 ? ). We placed pre-combusted and pre-weighed Whatman GF/F glass fiber filters on the top of the plastic containers to cover the agar completely and to serve as the substrata for biofilm colonization. In each stream we placed three plastic baskets in a single pool. Each plastic basket contained two replicates of each treatment (DIN-free, ?NO 3 -and ?NH 4 ? ) and stream cobbles to hold the baskets on place. Controls were placed upstream to avoid leaching nutrients towards the substratum immediately downstream. We placed the baskets on the streambed of pools of similar water depth and velocity. Stream substratum of all the selected stream reaches was composed of cobbles and pebbles with sand patches. During the study period, a well-developed riparian canopy cover shaded all the selected reaches.
During the two NDS incubation periods, we collected stream water samples on 3 evenly spaced dates for ambient nutrient concentration analyses. We collected water samples with plastic syringes and filtered them immediately through ashed Whatman (Maidstone, UK) GF/F fiber glass filters into acid-washed plastic containers and stored them on ice for transportation to the laboratory until analysis. On ) 21.7 ± 4.4 2.5 ± 1.4 9.3 ± 0.5 11.2 ± 3.1 11.5 ± 4.5
Water temperature (°C) 16.6 ± 0.4 19.8 ± 0.9 14.2 ± 0.8 19.8 ± 0.9 21.4 ± 1.0
198.0 ± 3.2 214.0 ± 10 60.6 ± 0.4 123.9 ± 7.7 309.7 ± 8.8
11.8 ± 3.9 8.0 ± 5.5 12.9 ± 3.4 16.5 ± 2.6 27.7 ± 11.8 DIN:SRP (molar) 95.3 ± 27.7 50.3 ± 6.4 22.9 ± 2.9 32.3 ± 1.8 84.4 ± 33.3
Data reported are the mean ± SE of samples collected on three different dates during each of the two NDS incubation periods (n = 6)
Note that streams are listed in order of increasing DIN availability (sum of NH 4 ? and NO 3 -concentrations)
the same dates, we measured water conductivity and water temperature with a portable WTW conductivity meter (Weilheim, Germany). In addition, we determined discharge on a single cross-sectional transect by measuring mean wetted width, mean depth and mean water velocity (Gordon et al. 1992) .
N constant rate additions
In ) 24 h prior to the start of the 15 N tracer additions and at plateau conditions. To verify plateau conditions during each 15 N addition, we automatically recorded conductivity every 10 s at the end of the stream reach using a portable WTW conductivity meter connected to a Campbell Scientific (Logan, Utah, USA) data logger. 24 h after the end of each 15 N addition, coinciding with the water collection described above, we also collected the NDS filters, cut them in half and kept them on ice in the field until further laboratory analyses.
Laboratory analyses
One half of each filter was oven-dried at 60°C until constant weight to estimate biofilm dry mass, C and N content and 15 N signature. To estimate the biofilm dry mass we weighed the oven-dried half-filters to the nearest 0.001 mg on a Mettler-Toledo (Greifensee, Switzerland) MX5 microbalance and we subtracted 1/2 of the filter weight. We then encapsulated the half-filters in tins.
The other half of the filter was kept frozen until the measurement of chlorophyll-a (chla) content following McIntire et al. (1996) . We submerged the frozen half-filters in a known volume of 90 % v/v acetone and kept them in the dark at 4°C overnight. We then sonicated the filters for 5 min and centrifuged them for 10 min at 4000 rpm. We measured the absorbance of the resultant supernatant at 664, 665 and 750 nm before and after acidification using a Shimadzu (Tokyo, Japan) UV spectrometer.
We . We also diffused a set of standards of known volume for volume-related fractionation corrections. Once the incubation was completed, we removed the filter packets and placed them in a desiccator for 4 days. We then encapsulated the filters in tins and stored them until 15 N analysis. Samples for the determination of the 15 N signature were analyzed at the University of California Stable Isotope Facility (Davis, California, USA). The C and N content (as a percentage of dry mass) and the abundance of the heavier isotope, expressed as the 15 N: 14 N ratio compared to that of a standard (i.e., N 2 from the atmosphere) using the notation of d 15 N in units of %, were measured by continuous-flow isotope-ratio mass spectrometry (20-20 mass spectrometer; PDZ Europa, Northwich, UK) after sample combustion in an on-line elemental analyzer (PDZ Europa ANCA-GSL).
Parameter calculations
For each NDS treatment and stream, biomass accrual rates (in lg C cm -2 d -1 ) were calculated by dividing the C content (in lg C cm -2 ) at the end the of the NDS incubation by the time period of the incubation (in days). Similarly, the algal accrual rates (in lg chla cm -2 d -1 ) were calculated by dividing the chla content (in lg chla cm -2 ) at the end the of the NDS incubation by the time period of the incubation (in days). We also calculated the C to N molar ratio of the biofilms at the end of the NDS incubation based on the percentage of C and N in dry mass.
To ). For each DIN species, we calculated the biomass-specific DIN uptake rate (U spec ; s -1 ) by diving U by the N content in biofilm biomass. We used U spec over U to compare uptake responses among streams and NDS treatments because it avoids confounding effects associated with differences in N biomass accrual rates among all treatments. U spec has been used in the literature as an indicator of N turnover time within a biotic compartment (Dodds et al. 2004) .
To assess the biofilm uptake preference for either NO 3 -or NH 4 ? , we calculated the relative preference index (RPI) for NO 3 -as proposed by Dortch (1990) using the equation: -uptake is 50 % of DIN uptake, but NO 3 -is only 25 % of DIN, the RPI value is 0.5/0.25 = 2, indicating preference for NO 3 -given the available DIN species. An RPI-NO 3 -value \1 indicates a preference for NH 4
? . To explore the biofilm response in terms of biomass accrual, algal accrual, C:N ratios and uptake rates of the two DIN species to the enrichments of NO 3 -or NH 4 ? , we calculated the response ratio to each DIN species as described in Tank and Dodds (2003) . For each variable, we calculated the logarithmic ratio of the values from amended treatments (?NO 3 -or ?NH 4 ? ) relative to the control treatment (DIN-free). Response ratios (RRs) can be positive (i.e., treatment values greater than control) or negative (i.e., treatment values lower than control). The RR allows normalizing for the varying effect of NDS treatments on biofilm growth and DIN uptake rates among streams and among replicate locations within each stream, which may mask any treatment effects on areal uptake.
Statistical analyses
We pooled the data from control treatments (DIN-free) from the two NDS incubations to explore differences in biofilm growth at ambient concentrations among streams in which the NDS were incubated. We compared biomass and algal accrual rates and C:N molar ratios using a linear mixed-effects model with stream as fixed factor (n = 5) and incubation date as random factor (n = 2). We included the random effect 'incubation date' in the model to account for the potential temporal variation in biofilm responses between the two sets of NDS bioassays, despite initial analysis indicated that this effect was negligible. However, the inclusion of a non-significant random effect factor does not influence the inference on fixed effects factors (Zuur et al. 2009 ). On the other hand, since U spec -NO 3 -and U spec -NH 4
? for control treatments were calculated separately from the first and the second NDS incubations respectively, we compared U spec -NO 3 -, U spec -NH 4 ? and RPI using one-way ANOVA with stream as fixed factor (n = 5) to explore differences in these variables at ambient concentrations among streams in which the NDS were incubated.
We explored biofilm growth response to enrichments of NO 3 -or NH 4 ? among streams by comparing the RRs of biomass and algal accrual rates and C:N molar ratios using a linear mixed-effects model with stream (n = 5) and NDS treatment (n = 2) as fixed factors and incubation as random factor (n = 2). Again, we included the random effect of 'incubation date' in the model, despite this random effect was shown to be negligible. To explore biofilm DIN uptake response to enrichments of either NO 3 -or NH 4
? among streams, we compared the RRs of U spec -NO 3 -, U spec -NH 4
? and RPI using two-way ANOVA with stream (n = 5) and NDS treatment (n = 2) as fixed factors.
We ran Pearson correlations to explore if biofilm growth and DIN uptake were related to the ambient concentrations of NO 3 -and NH 4 ? of the study streams in which the NDS were incubated as well as to explore the relationships between biofilm growth and DIN uptake. Correlations were only explored if the fixed factor 'stream' was significant in the linear mixed-effects or ANOVA models.
We ran all statistical tests with R 2.15.0 (R Foundation for Statistical Computing, Vienna, Austria, http://www.Rproject.org/.). Linear mixed-effects models were done with the R package 'nlme'. Post-hoc multiple comparisons for nmle models followed significant fixed factor (p \ 0.05) using the R package 'multcomp'. Post-hoc Tukey HSD tests followed significant ANOVA (p \ 0.05). When necessary, data were log-transformed before analysis to meet assumptions of homogeneity of variance and normality (Zar 1996) .
Results
Physical and chemical characteristics of the study streams
During the study period, mean discharge was relatively low at all streams and averaged 9.6 L s -1 (Table 1) . Stream water temperature and conductivity ranged from 14.2 to 21.4°C and 61 to 310 lS cm -1 , respectively, across streams. Concentration of NH 4
? was low and relatively similar among streams, ranging from 14 to 22 lg N L -1 . In contrast, NO 3 -concentration ranged from 140 to 600 lg N L -1 , and SRP concentrations ranged from 4 to 46 lg P L -1 (Table 1 ). The lowest NO 3 -and SRP concentrations were observed in two of the forested streams (CAS and FR), whereas the highest concentrations were observed in COL, the stream with the highest percentage of agricultural land use in the drainage area. As a result of the high variability in nutrient concentrations, we observed a wide range in the NO 3 -:NH 4 ? ratio (from 8 to 27) and in the DIN:SRP molar ratio (23 to 95; Table 1 ).
Biofilm responses to ambient DIN variability
Mean biomass accrual rates of biofilms in DIN-free treatments ranged from 43 to 126 lg C cm -2 d -1 , and differed significantly among the streams ( Fig. 1a ; Table 2 ) with significant differences between GUA and FR (Tukey HSD tests, p \ 0.020; Fig. 1a) . The biomass accrual rates of biofilms in DIN-free treatments were positively correlated with ambient NO 3 -concentration (r = 0.30, p = 0.029; Fig. 2a ) and NH 4
? concentration (r = 0.41, p = 0.002; Fig. 2b ) among streams. Algal accrual rates of biofilms in DIN-free treatments were similar among streams, except in CAS where rates were 5 times greater (Tukey HSD tests, p \ 0.001; Fig. 1b ; Table 2 ). Algal accrual rates of biofilms in DIN-free treatments were positively correlated with ambient NH 4 ? concentration among streams (r = 0.31, p = 0.023; Fig. 2d ). Furthermore, algal accrual rates of biofilms in DIN-free treatments were positively correlated with biomass accrual rates in the same treatments (r = 0.38, p = 0.005; data not shown). The C:N molar ratios of biofilms in DIN-free treatments (mean = 8.9) did not differ significantly among the streams ( Fig. 1c ; Table 2 ).
U spec -NO 3 -of biofilms in DIN-free treatments was one order of magnitude greater (mean = 0.04 h -1 vs. mean = 0.005 h -1 ) and more variable (CV = 71 % vs CV = 26 %) than U spec -NH 4 ? (Fig. 3a, b) . U spec -NO 3 -of biofilms in DIN-free treatments varied significantly depending on the stream in which the NDS were incubated ? of biofilms in DIN-free treatments did not differ significantly among the streams (one-way ANOVA, F 4,20 = 1.66, p = 0.224). U spec -NO 3 -of biofilms in DIN-free treatments was negatively correlated with the ambient NH 4
? concentration of the streams (r = -0.37 and p = 0.045; Fig. 2f ). Furthermore, U spec -NO 3 -of biofilms in DIN-free treatments was negatively correlated with algal accrual rates in the same NDS treatments (r = -0.37 and p = 0.046; data not shown).
Mean RPI values of biofilms in DIN-free treatments were close to 1 and similar among biofilms developed in the different streams (one-way ANOVA, F 4,25 = 0.54, p = 0.712), indicating no clear preference for any of the two DIN species (Fig. 3c) .
Biofilm responses to NO 3
2 and NH 4 1 enrichments
In general, the comparison between DIN-free and DINenriched NDS treatments (i.e., the response ratio, RR) showed that both biofilm growth and DIN uptake had no effect or a negative response to NO 3 -and NH 4 ? enrichments (Figs. 4, 5) . The RRs of biomass accrual rates differed significantly among streams ( Fig. 4a; Table 3 ), but they did not differ significantly between ?NO 3 -and ?NH 4 ? treatments (Fig. 4a) . Biomass accrual response to DIN enrichments was null in those streams with lower DIN ambient availability and most negative in biofilms developed in COL, the stream with the highest DIN (Tukey HSD tests, p \ 0.036). In addition, the RRs of biomass accrual rates in ?NO 3 -treatments were negatively correlated with ambient NO 3 -(r = -0.39, p = 0.004) and NH 4
? concentrations among streams (r = -0.38, p = 0.004; data not shown). The RRs of biofilm accrual rates in ?NH 4 ? treatments were also negatively correlated with the ambient NO 3 -concentration among streams (r = -0.34 and p = 0.022). These correlations suggest that biomass responsiveness decreased with rising DIN concentration among streams.
The RRs of algal accrual rates in biofilms differed significantly among the streams and between ?NO 3 -and ?NH 4
? treatments ( Fig. 4b ; Table 3 ). The RRs for the two DIN enrichment treatments were negative in the biofilms developed in the three streams with intermediate ambient DIN concentrations (Tukey HSD tests, p \ 0.030; Fig. 4b ) and null in the two streams located in the extremes of the DIN gradient (Tukey HSD tests, p \ 0.005; Fig. 4b ). On average, the RRs of algal accrual rates were significantly more negative in ?NH 4
? than in ?NO 3 -treatments (mean = -0.42 and -0.09, respectively; Fig. 4b ; Table 3 ). The RRs of algal accrual rates for both ?NO 3 -and ?NH 4
? treatments were not correlated with either ambient NO 3 -or NH 4 ? concentration among streams. The RRs of the biofilm C:N molar ratio were consistently negative across the streams and for both ?NH 4
? and ?NO 3 -treatments. Thus, biofilms exposed to DIN enrichments increased their N content relative to their C content. Differences in RRs of C:N were significant among streams, but not between ?NO 3 -and ?NH 4 ? treatments ( Fig. 4c; Table 3 ). The responses to DIN enrichments were more negative in biofilms developed in GUA (Tukey HSD tests, p \ 0.005).
The RRs of U spec -NO 3 -for biofilms and DIN species enrichments differed significantly depending on the stream in which the biofilms had developed and between ?NO 3 -and ?NH 4 ? treatments ( Fig. 5a ; Table 4 ). The interaction between the two factors was also significant (Table 4) . The reason for the interaction was the RR of U spec -NO 3 -was null in biofilms grown in ?NO 3 -treatments and particularly negative for biofilms grown in ?NH 4
? treatments in 4 of the 5 sites (Fig. 5a) . However, the pattern was different in GUA. Overall patterns suggest lower biomass-specific uptake of NO 3 -when biofilms are exposed to NH 4 ? enrichment.
The RRs of U spec -NH 4 ? for biofilms developed in different streams and DIN species enrichments were similar regardless of the stream considered and the NDS treatment at which they developed ( Fig. 5b; Table 4 ). In general, the RRs of U spec -NH 4
? were negative, but lower than the RRs of U spec -NO 3 -, indicating a lower effect of DIN enrichments on U spec -NH 4
? than on U spec -NO 3 -. The RRs of biofilm RPI differed significantly depending on the stream in which the NDS were incubated and between ?NO 3 -and ?NH 4 ? treatments, with no significant interaction between factors ( Fig. 5c ; Table 4 ). The Table 2 Results from the linear mixed-effects model with stream as fixed factor and incubation as random factor on the biomass accrual rate, algal accrual rate and C:N molar ratio of biofilms in DIN-free treatments Biofilm growth and nitrogen uptake responses to increases in nitrate and ammonium availability 701 exceptions were COL (both solutes) and CAS (NH 4 ? ). However, despite these differences, the RRs of RPI were not different from 0 in 7 out of 10 cases (Fig. 5c) , indicating no overall preference for any of the two DIN species.
Discussion Biofilm responses to ambient DIN variability
We expected that differences in ambient NO 3 -and NH 4
? concentrations among the streams in which the NDS were incubated would affect biofilm development and its N demand from the water column. Specifically, we expected that biofilm growth and DIN uptake would be greater in those biofilms that had developed in streams with higher ambient DIN availability O'Brien et al. 2007; von Schiller et al. 2007; O'Brien and Dodds 2008) . We observed that streams with higher ambient NO 3 -and NH 4
? concentrations showed greater biofilm biomass and algal accrual rates, supporting our expectations and suggesting that biofilms development and its contribution to stream water DIN uptake is enhanced under higher availability of DIN. In addition, DIN was below saturating levels and biofilms were likely not limited by other factors. On the other hand, lack of significant variation in the biofilm C:N ratios at ambient levels suggests that the range of ambient DIN concentration was not broad enough to cause significant stoichiometric differences in the biofilms among the studied streams (Dodds et al. 2004) .
Biofilm U spec -NO 3 -was consistently greater than U spec -NH 4
? regardless of the differences in the concentrations of the two DIN species among the study streams, suggesting that biofilms have a consistently higher reliance on NO 3 -than on NH 4
? from the water column to meet their N requirements. Our results are in line with previous studies showing that the generally higher NO 3 -availability as a DIN source ultimately drives the use of this DIN species by biofilms to meet their N demand (Fellows et al. 2006; Newbold et al. 2006; Bunch and Bernot 2012) . RPI values close to 1, indicating no preference for either DIN species, support this explanation. These results contrast the general idea that microbial assemblages in biofilms preferentially remove NH 4 ? due to the lower energetic cost (Dortch 1990; Naldi and Wheeler 2002) . However, the results are in line with empirical data from a previous study which showed an unclear pattern of biofilm preference for NH 4 ? relative to NO 3 -availability (Hoellein et al. 2010) . According to previous studies (O'Brien et al. 2007; von Schiller et al. 2007) , we expected that variability in U spec of the two DIN species among biofilms would be positively related to differences in ambient DIN concentration of the streams in which the NDS were previously incubated. However, the results did not support our expectations. Greater U spec -NO 3 -was observed in biofilms that developed in 2 of the 3 streams with the lowest NO 3 -concentrations, and no differences among streams in biofilm U spec -NH 4
? were found. In fact, we observed lower biofilm U spec -NO 3 -in streams with higher NH 4 ? concentration, which supports previous studies indicating that NH 4
? availability may regulate the uptake of DIN in the form of NO 3 - (Gonzalez et al. 2006; Dugdale et al. 2007; Domingues et al. 2011 ; b), and relative preference index (RPI; c) for the different streams in which the nutrient diffusing substrata (NDS) were incubated. Data reported are the mean ± SE ? uptake rates at whole-reach scale O'Brien and Dodds 2008) . Alternatively, lack of U spec -NH 4
? variation among biofilms developed in the different streams also suggests that biofilms NH 4
? turnover was similar among streams, regardless of the differences in biomass accrual and algal growth observed, probably due to the lower range of NH 4
? concentration among streams. Variation in biomass accrual rates among streams was positively related to algal accrual rates, indicating that algae had a similar response to that of the bulk biofilm. In this context, the negative correlation between algal accrual rates and U spec -NO 3 -, contrasts with other studies indicating that algae in biofilms rely mostly on NO 3
- (Bernhardt et al. 2002; Bechtold et al. 2012) . It is worth noting that the streams where the NDS were incubated were heavily shaded by riparian vegetation, which may have limited N demand, especially by algae in biofilms (Hill et al. 1995; Sabater et al. 2000; von Schiller et al. 2007 ). Therefore, it is possible that light-limitation may have masked the effects of other factors such as variation in DIN concentration or relative availability between DIN and SRP among streams, on algal uptake (von Schiller et al. 2007 ).
Biofilm responses to enrichments in NO 3
2 or NH 4
1
We expected a positive response of biofilms to NO 3 -and NH 4
? enrichments if these DIN species were below saturation under ambient conditions within each stream and if other environmental conditions were favorable. In addition, we expected that the biofilm responses would be more positively pronounced for NH 4
? than for NO 3 -enrichments because biofilms have a higher preference for the former DIN species. However, we found that biofilm response to either NO 3 -or NH 4 ? enrichments was in general either null or negative for most of the investigated variables, suggesting that biofilms were either above DIN saturation at the ambient conditions at which they developed or that the experimental enrichments affected the structure or the species composition of the biofilms leading to lower biomass accrual rates. Furthermore, algal accrual, U spec -NO 3 -and RPI response ratios were consistently more negative in those biofilms that developed under NH 4 ? enriched conditions compared to NO 3 -enriched conditions, suggesting a differential effect of the two DIN species on biofilm development and biogeochemical activity.
The negative response to DIN enrichments was more pronounced for algal accrual than for bulk biomass accrual. This may be explained by the low light availability (i.e., closed canopy reaches) during the experiments, which had a higher constrain on algal development in biofilms than on whole-bulk biofilm biomass. Interestingly, we also observed that the negative responses of algal growth were more pronounced in ?NH 4
? than in ?NO 3 -treatments. Instances of lower biofilm and algal growth in DIN-enriched substrates with respect to control treatments are relatively common in the literature (Francoeur 2001; Tank and Dodds 2003; Bernhardt and Likens 2004; von Schiller et al. 2007) , although these studies have mainly focussed on NO 3 -enrichments. Several mechanisms have been proposed to explain this response: (1) preference of grazing invertebrates for biofilms developed on nutrient-rich substrates, (2) nutrient enrichment up to toxic levels, or (3) changes in the species composition of biofilms (Bernhardt and Likens 2004; Hoellein et al. 2010; Domingues et al. 2011) . Despite field observations during both NDS incubations confirmed low presence of grazers on NDS filters, we cannot rule out invertebrates as responsible for differences in biomass accrual between control and DIN-enriched substrates (Steinman 1996) . Furthermore, we cannot exclude the fact that ?NH 4
? treatments lead to toxic effects (Camargo and Alonso 2006) or that either NO 3 -or NH 4
? enrichments lead to changes in biofilm assemblage composition because the experiment was not aimed to provide these mechanistic results. Future research could explore the possible toxic effect of NH 4
? enrichments by exploring responses using NDS across streams with a wider gradient of ambient NH 4
? concentrations. The most relevant biofilm responses to enrichment of the two DIN species were observed for N uptake. In absolute terms, the negative response observed was greater for U spec -NO 3 -than for U spec -NH 4 ? and mostly associated with NH 4
? enrichments. NO 3 -enrichment caused only minor changes in either U spec -NO 3 -or U spec -NH 4 ? when compared with NH 4 ? enrichment. Based on our results, we suggest that biofilm exposures to NH 4 ? enrichment may induce some functional and/or structural changes in the biofilms resulting in a lower demand for NO 3 -. In addition, NH 4
? enrichments might have enhanced NH 4 ? sorption and internal N cycling within the biofilms; thereby decreasing the biofilm NO 3 -dependence from the water column (von Schiller et al. 2007 ). An alternative explanation is that the enrichment of NH 4
? can favor the development of nitrifiers, which is supported by results from previous studies (Bernhardt and Likens 2004; Merbt et al. 2015) . Nitrifying microorganisms have lower growth efficiencies compared to other microbial components of the biofilms (Risgaard-Petersen et al. 2004 ) and they also have a preferential demand for NH 4
? . This potential shift in the microbial composition of biofilms could at least partially explain the more negative effects on U spec -NO 3 -in NH 4
? enrichments consistently observed for biofilms developed in all streams studied. Future studies following NH 4 ? enrichment in NDS would benefit from measurements of nitrification activity or community composition to elucidate the underlying mechanism driving the observed biofilm response.
Conclusions
NDS bioassays have been commonly used to assess nutrient limitation of P and N in a large variety of freshwater environments (Francoeur 2001; Johnson et al. 2009; Keck and Lepori 2012; King et al. 2014) . However, NDS have rarely been employed to address other ecologically relevant questions, such as to contrast biofilm responses to different DIN species (but see von Schiller et al. 2007 and Hoellein et al. 2010) . In addition, studies using NDS have mostly focused on the biofilm response in terms of biomass accrual, and less attention has been paid on how the nutrient enrichments affect biofilm function, such as the demand of nutrients from the water column. In this regard, we found that the most relevant biofilm responses to enrichment of the two DIN species were observed for N uptake, and more specifically, that NH 4 ? enrichments caused a clear decrease in U spec -NO 3
-. Knowledge on these responses provides a better understanding of the effects of elevated DIN availability on biofilm development and contribution to in-stream N uptake. We suggest that biofilms developing in streams with high NO 3 -concentration, such as those draining agricultural catchments (Stanley and Maxted 2008; Lassaletta et al. 2009 ) may have a limited capacity to retain excess NO 3 -. On the other hand, biofilms developing in streams with low NO 3 -:NH 4
? ratios due to inputs of NH 4 ? -rich sources, such as streams receiving wastewater treatment plant effluents Martí et al. 2010) , may show decreases in the capacity for NO 3 -uptake. Biofilm responses to increases in the concentration of the DIN species, which can be driven by land use changes, may have relevant implications for the export of DIN to downstream ecosystems.
